INTRODUCTION
Cell motility requires precisely orchestrated regulation of multiple cellular processes that involve dynamic actin cytoskeletal reorganization. Reorganization of the actin cytoskeleton is controlled by actin-binding proteins that regulate nucleation, branching, elongation, bundling, severing, and capping of actin filaments (DesMarais et al., 2005; Insall and Machesky, 2009; Pollard and Borisy, 2003) . In particular, profilins are key actin polymerization regulators that promote the conversion of ADPactin to ATP-actin and interact with poly-L-proline domains (PPP[A/P]PPLP; abbreviated as ''PLP'') found in a variety of actin nucleation promotion factors, actin nucleators, and actin filament barbed end elongation factors. These include WASp/ WAVE/SCAR, formins, and Ena/VASP proteins (Mena, VASP, and EVL) (Ferron et al., 2007; Gertler et al., 1996; Jockusch et al., 2007; Lambrechts et al., 2000; Mahoney et al., 1997; Reinhard et al., 1995) . Orchestrated regulation of these actin polymerization factors leads to distinct changes in the actin cytoskeleton architecture. These cytoskeletal changes regulate cellular processes that impact cell motility, and can also promote or suppress invasive migration. Four profilin isoforms have been identified; while profilin-1 is ubiquitously expressed, other isoforms show more selective expression in specific
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The actin cytoskeletal architecture impacts many cellular processes associated with cancer invasion. We show that changing the relative levels of two profilin paralogs alters actin cytoskeletal architecture and influences normal and cancer cell behavior. Our studies revealed functional divergence between profilin-1, which promotes membrane protrusion, motility, and invasion, and profilin-2, which suppresses these processes. These contrasting phenotypic effects involve distinct actin cytoskeletal remodeling by the two profilins. Profilin-2 exerts these previously unrecognized suppressive effects through selective interaction with the actin polymerization regulator, EVL, which promotes profilin-2-mediated actin cytoskeletal remodeling and suppresses migratory and invasive behaviors. Importantly, analyses of breast tumors revealed that lower EVL expression corresponds to high invasiveness and poor prognosis, making EVL a potential biomarker for patient outcome.
tissues. It is currently unclear whether profilin-2/3/4 isoforms have evolved to carry out distinct functional activities with respect to actin polymerization or to protect against loss of one isoform by genetic or epigenetic alterations.
Previously, in a siRNA high-throughput cell migration screen, we found that suppression of PFN1, the ubiquitously expressed profilin isoform, inhibited cell migration in MCF10A mammary epithelial cells whereas PFN2 downregulation enhanced migration in these cells (Simpson et al., 2008) . Although profilin-2 has been considered a neuronal-specific isoform (Honoré et al., 1993; Witke et al., 1998) , it is expressed in many other tissues, including breast epithelium (EST Profile Viewer at http://www.ncbi.nlm.nih.gov/UniGene/ESTProfileViewer.cgi? uglist=Hs.91747). Despite structural similarities in their PLP binding sites (Kursula et al., 2008; Lambrechts et al., 1997; Witke, 2004) , profilin-1 and profilin-2 show variation in surface charge distribution at these sites (Nodelman et al., 1999) . Differences in ligand binding preferences have been reported using in vitro binding assays or mass spectrometry analysis of profilin-1 and profilin-2 binding proteins (Lambrechts et al., 2000; Miki et al., 1998; Nodelman et al., 1999; Veniere et al., 2009; Witke et al., 1998) ; however, the extent to which these binding differences affect actin-based cellular processes has not been explored mechanistically.
In this report, we demonstrate that altering profilin-1 or profilin-2 levels has dramatically different effects on actin cytoskeletal organization, affecting cell migration and invasion. Profilin-2 controls protrusive activity and migratory behavior of normal and tumor cells by promoting EVL-mediated polymerization of long actin filaments that assemble into contractile bundles. In addition, downregulation of profilin-2 or EVL markedly enhances invasion in vitro and in vivo, and the expression profiles of these actin regulators in human tumors is significantly correlated with tumor grade and invasiveness.
RESULTS

Profilin-1 and Profilin-2 Have Differential Effects on Cell Motility and Invasion
To investigate profilin-1 and profilin-2 contributions to cell motility, we depleted each isoform and analyzed changes in the motile behavior of MCF10A cells. SMARTpool siRNAs selectively downregulated profilin-1 and profilin-2 levels, and knockdown (KD) of one isoform did not affect the levels of the other ( Figures 1A-1C) . PFN2 KD increased migration speed and scattering, whereas PFN1 KD decreased migration speed and promoted cell clustering (Figures 1A-1D ; Movie S1 available online). We confirmed the siRNA specificity using two shRNAs, targeting each isoform; these shRNAs displayed the same specificity and efficacy in knockdown, and induced the same migratory phenotypes ( Figure S1A ). Using these shRNAs, we evaluated the effects of profilin-1 and profilin-2 depletion in 3D cultures. MCF-10A cells form cyst-like acinar structures reminiscent of mammary gland alveoli (Muthuswamy et al., 2001; Petersen et al., 1992) . PFN2 KD induced the formation of dysmorphic 3D structures not observed in control cultures (Figures 1E) ; and about 5% of PFN2 KD structures displayed an invasive phenotype exhibiting cell dissemination into the matrix ( Figure 1E ). This invasive behavior is noteworthy because overcoming structural restraints within acini is highly atypical; most genes that have been implicated in tumor progression fail to induce invasion in MCF-10A cells, requiring additional genetic or epigenetic alterations to promote this phenotype (Debnath and Brugge, 2005; Witt et al., 2006) . PFN2 KD also significantly induced MCF10A cell invasion through Matrigel in a Boyden chamber assay ( Figure 1F) .
To examine the contrasting functions of profilin-1 and profilin-2 in cancer cell migration, we screened a large number of breast tumor cell lines for expression of the two profilin isoforms; we chose SUM159 cells for analysis because they express levels of profilin-1 and profilin-2 comparable to MCF-10A cells (Figures 1G and S1B) . Similarly to MCF10A cells (Simpson et al., 2008) , PFN2 KD enhanced SUM159 cell migration in a wound-healing assay and increased cell scattering at the wound edge, whereas PFN1 KD suppressed wound closure (Figures 1H and S1C) .
To determine the contribution of each profilin isoform to the total pool of profilin, we quantified profilin-1 and profilin-2 cellular concentrations in MCF10A and SUM159 cells. Profilin-1 concentration, approximately 13 mM, was about 15-fold higher than that of profilin-2, 0.8 mM ( Figures 1G and S1B) ; this suggests that cell migration is sensitive to changes in profilin-2 levels specifically since altering profilin-2 alone would not significantly alter the combined concentration of both isoforms.
To examine whether alterations in profilin-1 and profilin-2 levels affect invasive behavior of SUM159 cells, we embedded them in Matrigel, in which they form 3D clusters with cells protruding into the surrounding matrix. PFN2 KD enhanced migratory and invasive behavior of SUM159 cells in 3D cultures, exhibiting enhanced protrusive activity and cell dissemination into the matrix, whereas overexpression of PFN2 (HA-profilin-2) resulted in the opposite phenotypes ; PFN1 KD diminished protrusive activity and suppressed migration and invasion into the matrix, whereas PFN1 overexpression enhanced them . Consistent with these results, PFN2 KD increased invasion in Boyden chambers, whereas PFN1 KD significantly decreased it ( Figure 2B ).
To investigate whether profilin-1 and profilin-2 influence invasion of breast cancer cells in vivo, we injected control, PFN1 KD, or PFN2 KD SUM159 cells orthotopically into the mammary fat pad of NOD/SCID mice. While there were no discernable differences in tumor growth among PFN1 KD, PDN2 KD, and control tumors ( Figure S2C ), PFN2 KD significantly increased the number of extratumoral invasive foci, particularly in the surrounding stroma and muscle tissue and occasionally in the sentinel lymph node ( Figures 2C, 2D , and S2D). These studies indicate that profilin-2 downregulation enhances stromal infiltration in SUM159-derived tumors. See also Figure S1 and Movie S1.
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Invasion-Suppressive Actin Cytoskeletal Remodeling actin by time-lapse microscopy. PFN1 KD increased F-actin bundling; PFN2 KD, however, decreased bundling, especially at regions of the leading edge undergoing increased protrusive activity ( Figure 3A ; Movie S2).
To compare the ultrastructure of the actin cytoskeleton in control and KD cells, we examined metal cast cytoskeletons generated by rapid freezing and rotary shadowing. Consistent with the light microscopy data, PFN1 KD cytoskeletons showed marked increase in actin filament bundles ( Figure 3B ). To quantify the change in actin bundling, we assessed the percentage of cells with prominent stress fibers by light microscopy; PFN1 KD enhanced stress fiber formation in SUM159 cells, whereas PFN2 KD diminished it ( Figures 3C, 3D , and S3A). Importantly, PFN2 KD in PFN1 KD cells (double knockdown) resulted in dramatic reduction in actin polymerization and in collapse of the actin cytoskeleton ( Figure S3B ); these data suggest that profilin-1 and profilin-2 are the two major profilin isoforms regulating actin polymerization in SUM159 cells and that profilin-2 promotes actin bundling. Indeed, similarly to PFN1 KD, overexpression of PFN2 enhanced stress fiber formation, a phenotype that was reversed by the concomitant KD of PFN2; moreover, overexpression of a siRNA-resistant PFN2 mutant prevented the reversal of the PFN2 overexpression phenotype by PFN2 KD, further validating the specificity of profilin-2 effects on actin bundling ( Figures S3C and S3D ).
Because these alterations in the actin cytoskeleton correlated with changes in protrusive activity, we examined protrusion and retraction dynamics after altering profilin-1 and profilin-2 levels. PFN2 KD in SUM159 cells enhanced protrusion and retraction as compared to control cells, while PFN1 KD suppressed these activities ( Figure 4A ; Movie S3). Changes in protrusive activity were quantified in kymographs generated from highly resolved time-lapse image series (3,600 frames at a rate of 1 frame/sec). PFN2 KD increased speed and frequency of protrusion and retraction by 1.6-fold to 2-fold, and decreased protrusion persistence by 32% as compared to control (p < 0.05) ( Figures 4B-4E and S4A-S4D; Movie S3); additionally, PFN2 KD decreased the idle time between protrusion/retraction events, as compared to control (Figure S4C ). In contrast, PFN1 KD diminished protrusion speed, but did not affect persistence or frequency ( Figures 4B-4D and S4A-S4D). To observe the direct effects of increased intracellular concentrations of profilin-1 or profilin-2, we microinjected the respective purified proteins into SUM159 cells (Figure 4F ; Movie S4). Profilin-1 injection enhanced protrusion/ retraction speed and frequency, whereas profilin-2 injection suppressed these activities (Figures 4G-4J and S4D-S4F; Movie S4); overexpression of PFN2a also suppressed protrusive activity significantly (Figures S4G and S4H) . Together, these results suggest that profilin-2 suppresses protrusive activity in SUM159 cells, consistent with its suppressive effects on migration and invasion of these cells.
The Suppressive Effects of Profilin-2 Are Dependent on Myosin Contractility
To investigate the involvement of myosin motor activity in profilin-2-induced actin bundling, we examined myosin light chain (MLC) phosphorylation. In PFN1 KD cells, phospho-MLC decorated F-actin bundles at the leading edge ( Figure 5A ); PFN2 KD cells displayed reduced total phospho-MLC, consistent with reduced cortical actin bundling (Figures 5A, 5B, and S5A). Conversely, overexpression of PFN2a increased phospho-MLC levels ( Figure S5A ). Moreover, we examined the effects of overexpression of PFN2b; PFN2b is a PFN2 splice isoform that does not bind to G-actin and has low affinity to poly-L-proline (Di Nardo et al., 2000), and was used as negative control lacking the capacity to promote actin polymerization. Overexpression of PFN2b did not increase phospho-MLC levels, suggesting that profilin-2-mediated polymerization is required for the generation of the contractile actin bundles ( Figure S5A ).
To examine the connection between the generation of contractile actin bundles and the regulation of protrusive activity by profilin-2, we assessed the effect of altering myosin activity on profilin-2's suppressive effects. For that purpose, we used Y27632, a pharmacological inhibitor of ROCK-mediated MLC phosphorylation and myosin motor activity. ROCK inhibition reversed the suppressive effects of profilin-2 on protrusive activity, thus increasing the frequency and speed of protrusion and retraction ( Figure 5C ; Movie S5); this increase was significantly greater than baseline, suggesting that profilin-2 has a positive effect on protrusion in the absence of myosin activity. In a wound-healing assay, ROCK inhibition reversed the suppression of cell migration by PFN1 KD ( Figure S5B) ; not Figure S4 and Movies S3 and S4. surprisingly, this ''rescue'' was only partial since the KD cells are depleted of profilin-1, and the endogenous levels of profilin-2 are significantly lower than 1. In agreement with these data, ROCK inhibition increased protrusion and invasion into the surrounding matrix in 3D cultures, mimicking the effects of PFN2 KD, and partially ''rescued'' protrusive activity in PFN1 KD cell clusters ( Figures 5D and S5C ). Moreover, blebbistatin (an inhibitor of myosin ATPase activity) also increased protrusion and invasion into the matrix and partially reversed PFN1 KD phenotype ( Figure S5C ). Collectively, these results suggest that suppression of protrusive activity, migration, and invasion of SUM159 cells by profilin-2 is dependent on the generation of contractile actomyosin bundles.
Profilin-2-Induced Contractile Actin Bundles Are Generated by EVL, which Suppresses Protrusive Activity, Migration, and Invasion The structural differences in actin filaments generated by profilin-1 and profilin-2 ( Figures 6A and S6A ) suggest that they interact with distinct actin polymerization regulators. Using mass spectrometry, we identified high-confidence interactions between profilin-1/2 and Ena/VASP proteins; in particular, EVL was found to preferentially bind profilin-2 as compared to profilin-1 (L.L.G. and Mathew Sowa, unpublished data), consistent with previous studies (Ferron et al., 2007; Kursula et al., 2008; Lambrechts et al., 2000; Nodelman et al., 1999; Veniere et al., 2009) .
To characterize the binding preferences of profilin-2 to the three ENA/ VASP family members, we examined the relative binding capacity of Mena, EVL, and VASP to profilin-2 as compared to profilin-1 ( Figures 6B, S6B , and S6C). Both EVL and VASP preferentially immunoprecipitated with profilin-2 (7-fold and 1.8-fold, respectively); Mena showed no preferential binding to either profilin isoform (data not shown). Direct measurement of profilin binding capacity with purified monomeric EVL and VASP using sedimentation equilibrium confirmed that both proteins show preferential binding to profilin-2 relative to profilin-1 (Figures 6C and S6D ). In addition, both monomeric EVL and VASP had higher affinity and binding capacity for profilin-2 compared to profilin-1 ( Figure S6D ). Similarly, 10-fold more profilin-2 than profilin-1 immunoprecipitated with HA-EVL ( Figure 6B ) and, vice versa, 7-fold more EVL were immunoprecipitated with profilin-2 compared to profilin-1 ( Figure S6B ). Consistent with the mass spectrometry analysis, these results indicate that VASP and EVL interact preferentially with profilin-2 in vivo and in vitro.
Although VASP has been previously shown to enhance barbed end filament elongation in the presence of profilin-1 and cytoplasmic actin (Hansen and Mullins, 2010) , the profilin isoform specificity for Ena/VASP proteins remains poorly understood. To compare the relative ability of EVL and VASP to enhance actin barbed end polymerization in the presence of profilin-1 and profilin-2, we visualized the assembly of single actin filaments in vitro using total internal reflection fluorescence (TIRF) microscopy. EVL-dependent barbed end polymerization was significantly faster in the presence of profilin-2, compared to Figure 6D ). Furthermore, although EVL could bind to profilin-1 in our sedimentation equilibrium experiments, elongation of actin filaments in the presence of profilin-1 was inefficient ( Figure 6D ). VASP exhibited a similar preference for profilin-2 binding in vitro; however, we observed only a marginal difference in the rate of VASP-mediated barbed end filament elongation in the presence of profilin-1 versus profilin-2 ( Figure S6E ). Based on observations reported by Breitsprecher et al. (2011) , the rate of Ena/VASP-dependent barbed end elongation is directly related to the affinity for monomeric actin. Because profilin enhances actin monomer binding to Ena/VASP proteins (Ferron et al., 2007) , the differences in filament elongation rates in the presence of the two profilin isoforms can be attributed to the different affinities and binding capacity of EVL and VASP. Based on these differences between profilin-1 and profilin-2, it is feasible that profilin-2 could compete effectively with profilin-1 for binding to EVL despite the 15-fold higher concentrations of profilin-1, because only the former would appreciably participate in generating EVL-mediated actin structures. This is supported by the immunoprecipitation of EVL with profilin-1 and profilin-2 from cell lysates.
To investigate the effect of EVL activity on membrane protrusion and the requirement of profilin-2 for this activity, we examined membrane dynamics in control and PFN2 KD SUM159 cells overexpressing GFP-EVL ( Figure 6E ; Movie S6). Overexpression of GFP-EVL significantly inhibited protrusion and retraction in control but not in PFN2 KD cells ( Figure 6E ). In addition, GFP-EVL increased the abundance of stress fibers in control cells in a profilin-2-dependent manner ( Figures 6F  and S6F) ; this EVL-induced increase in stress fibers correlated with suppression of protrusion and invasion in 3D cultures ( Figure 6G ).
In addition, EVL KD suppressed stress fiber formation in SUM159 cells ( Figures 6H-6I and S6G ). This decrease in stress fibers correlated with significantly weakened matrix adhesion, especially in cells strongly depleted of EVL (data not shown); moderate EVL depletion, which did not weaken adhesion to the same extent, increased wound closure rate ( Figure 6J ) and protrusion and retraction frequency and speed in SUM159 cells, similarly to PFN2 KD ( Figure 6K ; Movie S6). In addition, EVL KD increased migration speed of MCF10A cells, which also exhibited compromised adhesion at high KD levels ( Figures  S6H-S6J and data not shown) . These results suggest that EVL-induced actin polymerization is dependent on profilin-2, and that this polymerization mode promotes actin bundling leading to diminished protrusive activity.
VASP overexpression, on the other hand, increased stress fiber generation only weakly (Figures S6K-S6L ). In addition, VASP KD did not have a significant effect on protrusive activity ( Figures S6M-S6N ). These data are consistent with VASP having only a marginal preference for binding to profilin-2 relative to profilin-1.
To investigate the effects of EVL KD on invasion, we established an inducible shRNA system in SUM159 cells, which made it feasible to achieve high knockdown levels-70%-80% depletion after 48 hr of induction ( Figure S7A ); this approach allowed us to circumvent any effect the KD might have on tumor initiation and growth due to altered adhesion properties. In 3D cultures, induction of EVL KD increased invasion, similarly to PFN2 KD ( Figure 7A ). To examine invasion in vivo, we induced EVL KD in SUM159 tumors derived from orthotopic fat pad injections. EVL KD did not affect tumor volume over the course of 2-week induction, after which the tumors were harvested (Figure S7B) . Induction of either of two different shRNAs targeting EVL increased in the number of extratumoral invasive foci significantly ( Figure 7B ). Moreover, staining for turboRFP, which is expressed as a cytoplasmic marker upon induction, allowed us to examine subcellular structures in tumor cells. Interestingly, EVL KD increased the number of protrusions per cell as compared to control ( Figure 7C) . Together, these studies relative levels of profilin-1 and profilin-2 bound to HA-EVL in SUM159 cells. These data are representative of three independent experiments. Values are averages ± SEM. (C) Sedimentation equilibrium analytical ultracentrifugation used to determine the solution molecular weight of monomeric EVL in the presence of profilin-1 or profilin-2a. The sedimentation profile of Cy3-mEVL1-235aa (5 mM) alone or combined with either profilin-1 or profilin-2a (40 mM) was determined by monitoring the absorbance at 527/550 nm. Global fitting of three equilibrium traces (at three different centrifugation speeds: 10,000, 14,000, and 20,000 rpm) for each condition was performed (see Experimental Procedures for more detail). An extinction coefficient of 79,982 M À1 cm À1 (Cy3, 527 nm) was used to determine the protein concentration as a function of the radial position. A monomer-dimer model was used to determine the molecular weight for a single ideal species (top panels).
(D) Left panel shows image sequence of filaments polymerizing in vitro in the presence of 2 mM actin (10% Alexa488), plus 2 mM profilin-2a. Barbed end growth of actin filaments was visualized using TIRF microscopy. Top row, 0 nM EVL; bottom row, plus 200 nM EVL. Yellow arrowhead tracks the growth of a single actin filament barbed end. Scale bar is 5 mm. Right panel shows average barbed-end polymerization rates (subunits/s) for single actin filaments in the presence of profilin-1 or profilin-2, plus or minus EVL. In the presence of 1 mM actin (10% Alexa488) alone and 100 nM EVL, barbed ends elongated at a rate of 31.1 ± 2. 
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To examine the effects of altering profilin-2/EVL-mediated actin polymerization on protrusive activity and cell migration in other cell lines, we examined the expression profile of PFN2 and EVL in an array of cancer cell lines using published data sets (Neve et al., 2006) . We chose MCF7 cells because they express relatively high levels of PFN2 and EVL (Neve et al., 2006) . Consistent with the results from SUM159 cells, PFN2 KD or EVL KD enhanced MCF7 cell migration in wound-healing assays and increased protrusive activity as measured by kymography (Figures S7C-S7F ; Movie S7). In addition, PFN2 KD or EVL KD in colorectal adenocarcinoma Caco-2 cells also increased protrusive activity ( Figure S7G ; Movie S8).
Our findings support a model in which three elements are important for EVL-mediated suppression of protrusive activity (Figures 7D and 7E) : (1) profilin-2 to specifically deliver polymerization-competent actin monomers to EVL, (2) EVL to assemble unbranched actin filaments, and (3) myosin contractility to generate actin bundles.
PFN2 and EVL Are Differentially Expressed in Human Breast Cancer
To examine whether the expression of PFN2 and EVL is linked to clinical aspects of breast tumors, we examined the relationship between these markers and tumor grade. In five data sets Ivshina et al., 2006; Loi et al., 2007; Lu et al., 2008; Minn et al., 2005) , EVL transcript levels were significantly lower in grade II and III tumors as compared to grade I, whereas PFN2 expression was higher in high-grade tumors (Figures 8A and S8A ; data not shown). In addition, multiple logistic regression analyses of two large data sets (Ivshina et al., 2006 and Lu et al., 2008) determined that EVL is a significant predictor of tumor grade, independent of other known markers, namely ESR1, PGR, and ERBB2; PFN2, on the other hand, did not show a consistent pattern in both studies ( Figures  8B and S8B) .
To investigate the prognostic significance of EVL and PFN2 expression, we examined the association of EVL and PFN2 expression with the probability of survival in two large breast cancer patient cohorts with long-term follow up (Schmidt et al., 2008; van de Vijver et al., 2002) . Patients who had tumors with low EVL expression exhibited a significantly lower probability of survival ( Figure 8C ). Moreover, when treated as a continuous variable, EVL expression proved to be a significant prognostic marker in both cohorts. On the other hand, patients whose tumors expressed either high or low PFN2 expression had a significantly lower probability of survival ( Figure S8C ). Importantly, in both studies, the high-PFN2 group of patients with poor outcome was significantly enriched in tumors with low EVL expression (Schmidt: 1.4-fold enriched, p = 0.0318; Vandevijver: 1.5-fold enriched, p = 0.00134).
To examine profilin-2 and EVL protein expression in tumors, we used an array of normal and tumor tissue samples donated by 65 breast cancer patients (spotted in triplicates). Consistent with mRNA levels, profilin-2 protein expression was higher in grade III tumors compared to other tumor grades ( Figure 8D) . EVL protein levels, on the other hand, were significantly lower in grade II and III tumors as compared to normal breast tissue (mammary ducts) and grade I tumors ( Figure 8D) ; these results were validated using a second tissue array of samples from 48 patients (spotted in duplicates) ( Figure S8D ).
Moreover, we grouped tumors based on the extent of tumor infiltration into stroma using a visual score consisting of three categories: ''non-inv,'' including normal breast tissue and DCIS tumors with no infiltrating tumor cells; ''low-inv'' with minimal tumor infiltration; and ''high-inv,'' with extensive infiltration into the stroma as small clusters and single cells ( Figure 8E ). Profilin-2 levels were lower in the low-inv group compared to the non-inv group; however, as predicted based on the high percentage of grade III tumors in the high-inv group, the levels of profilin-2 were higher in this group compared to the low-inv group ( Figure 8E ). EVL expression, on the other hand, was strongly anticorrelated with invasion in all categories ( Figure 8E) ; these results were confirmed in the second tissue array (Figure S8D) . Consistent with the multivariate analyses, these results suggest that EVL is a potential biomarker for invasion, in addition to tumor grade.
In addition, we stained for actin (b and g-1) in the same tumors in which we assessed profilin-2 and EVL levels. Grade II and III tumors exhibited significantly lower staining intensity as compared to normal ducts and grade I tumors ( Figures 8F and  8G) . Moreover, EVL expression significantly correlated with actin staining intensity regardless of tumor grade ( Figure 8H ). Importantly, tumors from different grades express equivalent levels of actin (ACTB and ACTG1) and, in tissue culture cells, EVL KD did not alter actin expression ( Figure S8E) ; therefore, the observed differences in actin staining intensity are likely due to differences in actin density possibly caused by changes in the structure of the actin cytoskeleton, such as decreased actin bundling.
Together, these results suggest that EVL is an independent biomarker for tumor grade, and could serve as a potential predictor of prognosis in breast cancer.
DISCUSSION
Our results demonstrate that profilin-2 regulates actin-based cellular processes in a distinct manner compared to the ubiquitous and well-characterized profilin-1 isoform. Profilin-2 preferentially promotes the activity of the Ena/VASP protein EVL, generating unbranched filaments that, when bundled by myosin-dependent contractility, suppress protrusive activity. Downregulation of either profilin-2 or EVL enhances cell (D) Model representing the generation of actin bundles by profilin-2/EVL-mediated linear actin polymerization and activated myosin: right panel illustrates the process of actin polymerization mediated by profilin-2, which is summarized in three major steps (middle panel): recruitment (1) and loading (2) of profilin-2:actin by interaction with the profilin-2 PLP binding site; followed by addition of one actin monomer (G-actin) to the barbed end (3). Left panel shows the domain structure of EVL. (E) Model representing the correlation between protrusive activity and the level of actin bundling. See also Figure S7 and Movies S7 and S8. migration and invasion in vitro and in vivo. In human tumors, relatively low levels of EVL correlate with low actin density and high invasive activity. Critically, EVL expression is an independent biomarker for tumor grade, and predictive of poor patient outcome.
Profilin Isoforms Regulate the Architecture of the Actin Cytoskeleton Modulation of the actin cytoskeleton architecture by altering the relative levels of profilin-1 and profilin-2 is due, in part, to a shift in the dominant mode of actin polymerization. Our data suggest that decreasing the relative levels of profilin-1 and increasing those of profilin-2 result in a shift toward a less branched and more linear actin polymerization. Profilin-2 displays higher binding affinity for EVL (and to a lesser extent VASP) than profilin-1, making it more efficient in promoting EVL-mediated linear polymerization; this is in agreement with previous reports showing that EVL and VASP preferentially interact with profilin-2 as compared to profilin-1 (Kursula et al., 2008; Lambrechts et al., 2000; Nodelman et al., 1999; Veniere et al., 2009 ). Therefore, when profilin-2 is more abundant, EVL activity becomes more dominant in driving actin polymerization; the generation of long unbranched actin filaments by EVL, when coupled with myosin contractility, could suppress protrusive activity.
Moreover, previous reports suggest that profilin-1 binds with higher affinity than profilin-2 to WAVE-2, which promotes branched polymerization by Arp2/3 activation (Miki et al., 1998) ; this difference in binding affinity renders profilin-1 more critical for Arp2/3-mediated polymerization. Therefore, downregulation of profilin-1 could significantly suppress filament branching and make profilin-2/EVL-dependent polymerization the more dominant mode of polymerization. In addition, dominant EVL activity at the leading edge could directly reduce branched polymerization by suppressing Arp2/3 activity through anticapping and antibranching (Bear and Gertler, 2009 ). Conversely, downregulation of profilin-2 expression could increase filament branching by the Arp2/3 complex and decrease actin bundling, leading to highly dynamic protrusions.
In previous studies using the MDA-MB-231 breast tumor cell line, PFN1 KD was reported to decrease speed of protrusion but increase persistence and enhance directionality of cell migration (Bae et al., 2009; Zou et al., 2007) . However, PFN1 KD in MDA-MB-231 cells used in our studies decreased the number of protrusions per cell and suppressed cell migration and invasion (data not shown). In these cells, the profilin-1 concentration (30 mM) was more than 100-fold higher than that of profilin-2 (0.27 mM), consistent with the correlation between highly dynamic cell migration and high profilin-1/low profilin-2 levels. Interestingly, the phenotypic changes to protrusive activity described in Bae et al. are similar to those induced by PFN1 KD in SUM159 cells, which express higher levels of profilin-2 than MDA-MB-231 cells. We speculate that the discrepancy between our data and the published studies could be due to differences in the expression of profilin-2 between the MDA-MB-231 variants employed in these studies, or other experimental variables.
Actomyosin Contractility Is Important for the Suppression of Protrusive Activity by Profilin-2/EVL-Mediated Actin Polymerization Our data revealed that the suppression of protrusive activity by profilin-2/EVL-mediated actin polymerization requires the aggregation of actin filaments into contractile bundles in a myosin-dependent mechanism. Inhibition of myosin contractility is sufficient to reverse the suppressive effects of profilin-2 and EVL. Interestingly, in the absence of myosin activation, PFN2 overexpression enhances protrusive activity instead of suppressing it. In addition, downregulation of either PFN2 or EVL dramatically decreases actin bundling and increases protrusive activity; this suggests that the polymerization events driven by profilin-2 and EVL are involved in the regulation of protrusion and cell migration by contractile activity.
Importantly, VASP do not exhibit the same capacity to generate profilin-2-mediated actin bundles capable of suppressing protrusive activity; this suggests that the generation of such actin bundles, which might represent a distinct subpopulation of stress fibers, could be unique to EVL. The specificity of EVL involvement in this type of actin cytoskeletal remodeling could be due to distinct set of binding partners that affect EVL function spatially and temporally; currently, we are analyzing the components of the EVL complex by mass spectrometry.
In addition to our data, the suppressive effects of cortical actomyosin bundling on protrusive activity and cell migration have been previously reported in endothelial cells (Fischer et al., 2009) . However, other studies showed that some cancer cells are dependent on contractility for migration (Sanz-Moreno et al., 2011) . We hypothesize that the effects of contractility vary depending on many factors, including the spatial organization of contractile actin filaments, the nature and strength of matrix adhesion, and the cortical actin organization and linkage to the membrane (Friedl and Wolf, 2010; Nakamura et al., 2011; Sheetz et al., 2006 ). In our model, EVL could play a role in the regulation of several of these factors, thus affecting the outcome of increased contractility.
Profilin-2/EVL-Mediated Regulation of Actin Assembly Influences Invasion In Vitro and In Vivo
Our data show that elevated levels of profilin-2 or EVL suppress invasion in 3D matrices in a manner dependent on myosin (E) Representation of protein expression versus tumor invasion (invasion was assessed in a blinded fashion: Non-inv is the noninvasive group and low-inv and high inv are the low-and high-invasion groups, respectively). Right panel shows the distribution of each group in terms of tumor grade. contractility; and downregulation of profilin-2 or EVL or inhibition of contractility increases 3D invasion significantly. Moreover, in mammary fat-pad xenograft tumors, downregulation of PFN2 or EVL increases the number of extratumoral invasive foci. The increase in invasion associated with EVL KD correlates with increased protrusions and decreased contractility. Nonetheless, the mechanism by which EVL/profilin-2-mediated polymerization regulates invasion also involves alteration of other cellular processes, such as cell-cell and cell-matrix adhesion. In fact, we did observe that downregulation of PFN2 or EVL decreases both types of adhesion in normal and cancer cells. The characteristic changes in cellular processes that contribute to promoting invasion vary based on genetic and epigenetic alterations within tumor cells, and on alterations in the tumor microenvironment; therefore, the mode of invasion could vary within the same tumor and over the course of tumor progression. In fact, some types of tumor cells are able to switch between different modes of single-cell invasion, such as amoeboid, characterized by round morphology, high contractility, weak matrix adhesion, decreased protrusive activity, and increased membrane blebbing; and mesenchymal, characterized by elongated morphology, low contractility, strong matrix adhesion, and increased protrusive activity (Sanz-Moreno et al., 2008; Friedl and Wolf, 2010 ).
In the model we present here, increased invasion is associated with increased protrusion, decreased contractility and also decreased adhesion. Therefore, the invasive phenotype that is induced by downregulation of EVL does not fit the characteristics of either mesenchymal or amoeboid modes of invasion. This suggests that invading cancer cells may display phenotypes along a continuum between the mesenchymal and amoeboid states, in which multiple cellular processes are continuously altered.
PFN2 and EVL Distinctive Expression Profiles
Are Predictive of Invasiveness and Poor Prognosis in Human Breast Cancer EVL expression is significantly lower in highly invasive human breast tumors, in particular high-grade tumors. Moreover, we discovered a strong correlation between EVL expression and actin density in human tumors; highly invasive tumors are characterized by low EVL expression and low actin density. More importantly, lower levels of EVL correlate with poor prognosis and higher mortality in patients. Our analyses demonstrate that EVL is a significant independent biomarker of invasiveness and tumor grade, and could be predictive of prognosis.
Downregulation of EVL has also been implicated in progression of other epithelial tumors. In two large-scale studies investigating genetic and epigenetic alterations in colon cancer, DNA methylation of EVL was frequently observed and correlated with poor prognosis (Grady et al., 2008; Yi et al., 2011) . Consistent with these studies, we found that PFN2 and EVL KD enhance protrusive activity in colorectal carcinoma Caco-2 cells. This suggests that downregulation of EVL might be a common feature of more aggressive tumors in multiple types of cancer. Paradoxically, a previous study has shown that EVL mRNA levels are correlated positively with clinical stage (Hu et al., 2008) ; however the number of tumors analyzed therein was very low (i.e., three stage III tumors) and neither invasiveness nor tumor grade were assessed in the context of EVL expression.
Low PFN2 expression has been reported to be associated with poor prognosis in a study of 88 patients with oral squamous cell carcinomas (Ma et al., 2011) . In breast adenocarcinomas, we found that both high and low levels of PFN2 expression correlate with poor prognosis in two major clinical studies including data from 495 patients followed over the course of 15 years. This dichotomous correlation of profilin-2 expression with outcome may reflect differences in the phenotypic effects of profilin-2 interactions with distinct binding partners. For example, in tumors that express EVL, profilin-2 could suppress invasive activity, whereas in tumors with low EVL expression, profilin-2 could promote invasive behavior through interactions with other actin polymerization regulators, such as formins ( Figure 8I ). This may explain why profilin-2 alone does not serve as a significant biomarker of outcome, whereas EVL, which may have more specialized activities that suppress invasion, serves as a better biomarker. More generally, this highlights how differences in expression of a given protein in tumors can lead to distinct outcomes depending on the expression of collaborating proteins. Thus, the assessment of certain biomarkers of clinical outcome may require analysis of interacting proteins that together regulate a biological process.
EXPERIMENTAL PROCEDURES
Quantitation of Intracellular Concentration of Profilin-1 and Profilin-2 Total protein concentration was measured in MCF10A, SUM159, and MDA231 cells using purified profilin-1 and profilin-2 as standards (see Supplemental Experimental Procedures).
Kymography Analysis
Kymographs were generated in Nikon Elements along the axis of protrusion/ retraction, perpendicular to the cell membrane. Minimum intensity projections were used to determine the areas of high membrane dynamics. Average velocity and frequency of retractions and protrusions, as well as the percent of time the membrane spent retracting, protruding, or resting, were calculated. Persistence (the average duration of protrusion) was also calculated for all conditions, but it was discussed in Results only when significant.
Analytical Ultracentrifugation
We determined the solution molecular weight of monomeric hVASP and EVL in the presence of human profilin-1 and mouse profilin-2a using sedimentation equilibrium analytical ultracentrifugation. Samples containing 5 mM Cy3-hVASP1-240aa or Cy3-mEVL1-235aa were combined with 20-40 mM human profilin-1 and/or mouse profilin-2a. A buffer composition of 10 mM HEPES (pH 7.5), 50 mM KCl, and 1 mM TCEP was used for all experiments. Proteins were centrifuged until they reached equilibrium at three different speeds (e.g., 10,000, 14,000, and, 20,000 rpm) in a Beckman Coulter XL-I ultracentrifuge. The sedimentation profile of Cy3-VASP and Cy3-EVL was determined by monitoring the absorbance at 550 nm (Cy3 fluorophore) every 2 hr. Global fitting of three equilibrium traces for each condition was performed using NIH Sedphit and Sedphat software. An extinction coefficient of 150,000 M À1 cm À1 (Cy3, 550 nm) was used to determine the protein concentration as a function of the radial position. Using a monomer-dimer model, we determined the molecular weight for a single ideal species. Proteins were purified and characterized as previously described (Hansen and Mullins, 2010) . See Supplemental Experimental Procedures for determination of equilibrium dissociation constants.
Single Actin Filament TIRF Assays Biotin pegylated TIRF-M imaging chambers used for the visualization of single actin filament polymerization kinetics were generated as previously described by Hansen and Mullins (2010) and Bieling et al. (2010) . See Supplemental Experimental Procedures for details.
SUM159 Tumor Model
A total of 10 6 SUM159 cells resuspended in 30 ml Matrigel were injected into the fat pad of 6-to 8 week-old female NOD/SCID Balb/C mice. Three independent experiments were performed; the first and the second experiment consisted of injections of five mice per group in each, and the third experiment consisted of injections of ten mice per group. For invasion analysis, tumors were collected at 8 to 10 weeks. Invasive foci were defined as clusters of tumor cells outside the margin of the tumor. Invasion was quantified in nine control, ten PFN1 KD, and ten PFN2 KD tumors, which account for all tumors of similar size and incubation time. (See Supplemental Experimental Procedures for the experimental procedure using to generate and induce the EVL KD tumors.) All experiments were performed according to the guidelines of the IACUC committee of Harvard Medical School.
Analysis Human Tumor Array
Tumor grade is obtained from the patient pathology report associated with each sample. Protein expression was assessed based on a visual scale ranging from 1 (lowest) to 5 (highest), in triplicate (array#1, 65 patients) or duplicate (array#2, 48 patients) sections from each patient; each analysis was performed in a blinded fashion by at least two different individuals. Human samples used in our studies are exempt from informed consent.
SUPPLEMENTAL INFORMATION
Supplemental Information includes eight figures, eight movies, and Supplemental Experimental Procedures and can be found with this article online at http://dx.doi.org/10.1016/j.ccr.2012.09.027.
